ABSTRACT While there is broad agreement that interactions of the human maternal immune system with the tissues and cells of the implanting embryo are likely to be critical contributors to pregnancy success, there remains a dearth of information which directly confirms this expectation. Although animal models of reproductive function often provide opportunities for confirming such hypotheses, progress in this area has been sporadic due to limitations of traditional laboratory or agricultural animal models, such as rodents, sheep, pigs and cattle. Many of these limitations derive from divergent modes of implantation and placentation across mammalian species. Over the past decade there has been progress in the development of the nonhuman primate as a model in which to address questions of pregnancy success in the area of immunology. The purpose of this review is to compare available model species, summarize current knowledge and recent progress with an emphasis on experimental in vivo manipulations, and suggest areas available for additional study and growth.
Introduction
The past several decades have seen a profound increase in our understanding of the ways in which the maternal immune system responds to pregnancy. Owing to the substantial diversity in placentation, interdigitation and intermixing of maternal and fetal tissues, and specialized populations of leukocytes in the maternal endometrium, there is undoubtedly a broad palette of mechanisms that can be invoked in order to address the need for maternal accommodation. These mechanisms include the control of maternal T cell accumulation and activation at the maternalfetal interface by regulation of tryptophan availability, primarily by indoleamine-2,3-dioxygenase in the placenta (Mellor et. al, 2002) , the balance of TH1 and TH2 type T cells in peripheral and decidual compartments (Wilczynski, 2006) , the impact of immunoregulatory soluble factors and cytokines produced by the placenta in control of maternal leukocyte responses (Santoni et al., 2008; Yoshinaga, 2008) , and the immunosuppressive effects of pregnancy hormones, including progesterone, as well as pro-implantation ef-fects of chorionic gonadotropin (CG), particularly in the decidual response in primates (Fazleabas, 2007) . These topics will not be specifically covered in this review and the reader is referred to other previous excellent reviews cited above or other contributions in this volume. In this review we will specifically discuss the unique attributes and challenges inherent in the nonhuman primate as a model for studying the function of placental major histocompatibility complex (MHC) class I molecules.
There are a number of characteristics of nonhuman primates that give them special relevance to the study of human reproduction and pregnancy. These include a menstrual cycle exceedingly similar to that of the human endometrium, very similar villous placental morphology, parallel endocrinology of pregnancy, including placental secretion of CG and somatomammotropins, progesterone and estradiol, formation of a decidual endometrium in response to implantation of the embryo, and with the focus of this review, expression of nonclassical placental MHC class I molecules, and unique populations of decidual leukocytes. The ability to conduct in vivo experiments, or obtain critical samples from embryos and early pregnancy (< 4 weeks gestation) is severely limited in human clinical research. Thus, we have focused on nonhuman primate models for further study in this area.
There are novel features of HLA-G. In addition to mRNAs that encode a full-length membrane-bound molecule, alternatively spliced HLA-G mRNAs including transcripts which encode soluble HLA-G proteins have been described (Fujii et al., 1994; Ishitani et al., 1992 ). An antibody specific to the soluble isoform intron 4 peptide (16G1) has confirmed expression in the placenta (Ishitani et al., 2003; Chu et al., 1999) . Several groups have reported assays for detecting soluble HLA-G in peripheral blood of pregnant women and other biological fluids (Hamai et al., 1999; Fournel et al., 1999; Rebmann et al., 1999; Hunt et al., 2000) . Furthermore, potential relevance to pregnancy success was shown in additional studies which reported that soluble HLA-G in the culture medium from human in vitro fertilization (IVF)-derived embryos was significantly associated with subsequent pregnancy following transfer to recipients (Fuzzi et al., 2002; Yie et al., 2005; Sher et al., 2005; Desai et al., 2006) .
Recombinant soluble HLA-G has been produced as a reagent to use with in vitro studies of target cell effects. Soluble HLA-G can induce apoptosis in peripheral CD8+ T cells via a fas-fasL mechanism (Fournel et al., 2000) and it was reported that soluble HLA-G incubation with a human macrophage-like cell line induces the expression of several cytokine mRNAs and mRNAs involved in programmed cell death (McIntire et al., 2004) . There may be other direct targets of HLA-G in addition to leukocytes. In studies with cultured human umbilical vein or microvascular endothelial cells, soluble HLA-G was able to promote apoptosis in vitro through interaction with glycophosphatidylinositol (GPI)-anchored CD160 (Fons et al., 2006) . Finally, associations have been made between circulating levels of soluble HLA-G and organ transplantation success (Rouas-Freiss et al., 2003) , malignancy (Ugurel et al., 2002; Wiendl et al., 2002 , Urosevic et al., 2003 , or certain inflammatory diseases (Carosella et al., 2001 ). Thus, a role for HLA-G in regulation of tolerance has not been restricted to the maternalfetal interface.
HLA-E is also expressed in the human placenta (Ishitani et al., 2003; King et al., 2000) , as well as many other somatic cells. HLA-E binds peptides derived from the leader sequence of many MHC class I molecules and thus serves to convey a "summary" of MHC class I status of somatic cells in the body to natural killer (NK) cells and other cells of the innate immune system.
We have now seen nearly two decades of research on placental nonclassical MHC class I molecules. There has been admirable progress in its cell biology, patterns of expression, appearance in pathological situations, and molecular regulation. However, the main (and perhaps most important) area in which we lag is a precise understanding of the in vivo biological activity of HLA-G in human pregnancy. These include the potential clinical impact of placental MHC deficiency, its physiological effects on pregnancy success, implantation, and placental and fetal development, its significance for intrauterine programming and postnatal health, and the clinical impact of soluble MHC class I expression. To establish an experimental animal model to address these questions, we initiated studies to define MHC class I expression in the rhesus placenta.
Nonclassical MHC loci in nonhuman primates
The MHC-G locus has been demonstrated in other primates, including apes and macaques (Boyson et al., 1996; ArnaizVillena et al., 1999) . Unexpectedly, we found in the rhesus that Mamu-G is a pseudogene (Boyson et al., 1996) . However, we have defined the placental expression of a novel MHC class I locus, Mamu-AG, which shares a number of features of HLA-G (Golos, 2003; Boyson et al., 1997) . These include alternative splicing (Boyson et al., 1997; Ryan et al., 2002) , and the expression of a soluble isoform (Ryan et al., 2002) low polymorphism and a truncated cytoplasmic domain (Boyson et al., 1997) , and a distinctive expression pattern in which the highest mRNA and protein levels are found in placental trophoblasts (Slukvin et al., 1998; Slukvin et al., 2000; Slukvin et al., 1999) .
mAb 25D3 specifically recognizes Mamu-AG glycoproteins
A Mamu-AG-specific mAb (25D3) was generated by subtractive immunization with the MHC class I-negative 721-221 B lymphoblastoid cell line, followed by immunization with the same cells stably transfected with a Mamu-AG expression plasmid (Slukvin et al., 2000) . Flow cytometry showed that mAb 25D3 detects Mamu-AG trophoblasts and Mamu-AG transfectants, but not peripheral blood leukocyte (PBLs) (Slukvin et al., 2000) . Immunohistochemical (IHC) analyses to localize Mamu-AG glycoprotein as early as 14 days of gestation (d14) or approximately 6-7 days after attachment of the blastocyst to the uterus demonstrated Mamu-AG expression in cytotrophoblasts at the fetal-maternal junction and endovascular cytotrophoblasts invading maternal arterioles. In the definitive villous placenta, Mamu-AG continues to be expressed in the trophoblastic shell at the border with the maternal decidua ( Fig.  1 ) as well as in extravillous and villous syncytiotrophoblasts (Fig. 1) . Thus, Mamu-AG expression is ideally situated for alerting decidual leukocytes, including numerous decidual CD56+ NK cells, to the presence of the placenta.
Mamu-E expression in the placenta
The MHC-E locus is remarkably well conserved during the evolution of primates, and a Mamu-E locus expressed in macaques, including in the placenta, was identified over a decade ago (Boyson et al., 1995) . Progress in defining its cellular localization in the nonhuman primate placenta has been hampered by a lack of highly specific antibodies for immunohistochemical work, however, our most recent studies (Dambaeva et al., 2008) have identified an anti-HLA-E antibody (MEM-E/06, ExBio, Prague, Czech Republic) that recognizes Mamu-E in flow cytometry on peripheral blood leukocytes, and immunohistochemical and flow cytometry studies in the rhesus placenta. Like Mamu-AG, Mamu-E is expressed in the trophoblasts of the chorionic villi as well as extravillous trophoblasts. Interestingly, rather than primary expression in the syncytiotrophoblasts, protein was most highly expressed in the villous cytotrophoblasts in the first third of gestation, and at term was highly expressed in villous fetal endothelial cells (Dambaeva et al., 2008) . We have also found that the anti-HLA-E antibody recognizes vervet and cynomolgus monkey trophoblasts and PBLs (Dambaeva, unpublished) , and anticipate that it will also recognize Paan-E in the baboon. Table  1 summarizes results with these anti-MHC antibodies.
Soluble Mamu-AG isoforms
We evaluated whether the rhesus placenta expresses alternatively spliced Mamu-AG mRNAs homologous to soluble HLA-G mRNA (Ishitani et al., 1992) and demonstrated the expression of Mamu-AG mRNA with a retained 4 th intron as seen with soluble HLA-G. Noting the close similarity between the Mamu-AG and HLA-G intron 4 peptides, we obtained the anti-intron 4 antibody 16G1 from Dan Geraghty (Ishitani et al., 2003) . Immunostaining of the rhesus placenta (Ryan et al., 2002) gave a pattern of localization remarkably similar to that seen in the human placenta (Chu et al., 1999) : there was soluble Mamu-AG identified in the extravillous trophoblasts (Ryan et al., 2002) as well as staining of the syncytiotrophoblasts and some villous cytotrophoblasts. These data underscore the importance of the rhesus monkey as a model to define function of Mamu-AG, and collectively support the concept that this molecule may be the functional homolog of HLA-G in macaques (Golos, 2003) .
Placental MHC expression in other nonhuman primates
While it seems clear that there are substantial advantages to the use of nonhuman primates owing to their commonality with human reproductive patterns, several species are potential candidates for experimental investigation of the biology of MHC class I molecules in primate pregnancy. The first studies with placental Boyson et al. (1999) and Langat et al. (2002) that as in the rhesus, a novel locus was expressed in the baboon placenta, homologous with Mamu-AG, incorporating molecular components of HLA-G. Langat and co-workers (2002) subsequently developed a panel of monoclonal antibodies specific for exon-exon junctions, which allowed the further elucidation of protein isoforms arising from mRNA splice variants were expressed in vivo. These antibodies have demonstrated differential distribution of Paan-AG splice variants, much as has been done for HLA-G (Pace et al., 2006) . These reagents and their use in baboon tissues have been recently reviewed (Langat et al., 2006) and will not be presented in further detail here. Specific advantages of the baboon as a model for human pathophysiology of pregnancy include a larger size than other species generally used in biomedical research, providing a greater volume of samples (e.g., endometrium from cycling females for cell culture and molecular studies), as well as careful study of the endometrial response to implantation (Fazleabas, 2007) .
The maternal-fetal interface in cynomolgus and vervet monkeys
In recent years there have periodically been strategic limitations on the availability of female rhesus macaques, waxing and waning with the research in other areas of female reproductive physiology, health and disease (e.g., sexual transmission of immunodeficiency viruses). We have recently explored the potential of alternatives to the rhesus macaque for the study of placental MHC class I biology. Some results of these studies with the cynomolgus macaque (Macaca fasicularis) and the vervet or African green monkey (Chlorocebus aethiops) are summarized in Table 1 . We have cloned Mamu-AG-like mRNAs in the cynomolgus and vervet monkeys (Bondarenko et al., 2009) . The cynomolgus macaque, not surprisingly, expressed a mRNA that was virtually identical with the rhesus, demonstrating full-length as well as alternatively spliced mRNAs as seen in the rhesus (Boyson et al., 1997) . Our first clue that the situation with the vervet monkey may be different was inferred from modest and somewhat patchy staining of vervet chorionic villi with W6/32, which strongly stains rhesus and cynomolgus villi. In addition, chorionic villi did not stain positively with 25D3 against Mamu-AG. Thus, immunohistochemical data was rather equivocal on the expression of a Chae-AG ortholog. Although work is still in progress, current studies also suggest that while an AG-like transcript is expressed in the vervet placenta, it is not as highly expressed as in the rhesus and cynomolgus, and while the α2 domains indicate close homology with Mamu-AG and Mafa-AG, the transmembrane and cytoplasmic domains lack the diagnostic stop codon shared by Mamu-AG, Mafa-AG, and HLA-G.
Decidual dNK cells and pregnancy success
Up to 75-80% of all lymphocytes in the human as well as the rhesus monkey decidua of early pregnancy are NK cells, with the balance primarily macrophages. We have shown in the rhesus decidua Slukvin et al., 2004 ) that these cells of the innate immune system are located in close proximity to placental trophoblasts, as well as vessels with abundant trophoblast infiltration. The abundance of NK cells in the primate endometrium during pregnancy, in comparison with other nonlymphoid organs, is quite novel. It has long been known that human decidual (d)NK cells have a phenotype distinct from peripheral blood (p)NK cells, with their hallmark characteristics including bright CD56 expression (Moffett- King, 2002) . Recent microarray studies further identified many genes differentially expressed between dNK cells and peripheral blood pNK cells (Koopman et al., 2003) , including genes related to immune function, adhesion and migration, as well as immunomodulatory genes such as glycodelin and galectin-1 (Koopman et al., 2003) . These observations have solidified the view that dNK cells have an important function distinct from peripheral NK (pNK) cells.
In comparison with the majority CD56 dim cells, which have enhanced levels of cytotoxic activity and high levels of CD16, CD56 bright cells are primarily immunoregulatory, producing 
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cytokines and expressing low levels of CD16. Peripheral blood NK cells do not significantly change during the menstrual cycle and pregnancy. On the other hand, in the endometrium, the levels of NK cells increase from the follicular to the luteal phase, and continue to increase in early human and rhesus pregnancy (Breburda et al., 2006 , see also below). The peripheral blood also contains a modest population (<10% of all NK cells) of CD56 bright cells. It has been assumed that CD56 bright pNK are the cells that traffic preferentially to the endometrium and that the increase in the numbers of dNK cells is likely to be contributed to by both enhanced trafficking as well as in situ proliferation. While culture data and studies with estrogen and progesterone receptor null mice have shown that sex steroids do not directly affect NK cell function, both recruitment of pNK cells to the endometrium and their proliferasent a distinct lymphocyte subset that belongs to the NK cell lineage, albeit with reduced cytotoxicity.
Immunohistochemical characterization of rhesus leukocytes
Using immunohistochemistry (IHC) we examined the distribution of macrophages, NK cells, and T cells in the nonpregnant proliferative endometrium and in the endometrium at day 14, 19 and 36 of pregnancy in the rhesus monkey. CD68+ macrophages, CD56+ lymphocytes and CD3+ T cells were present in the proliferative endometrium. The number of macrophages and CD56+ lymphocytes increased at implantation and continued to be high in early pregnancy decidua (Slukvin et al., 2004; Fig. 2) . Accumulation of CD68+ macrophages was evident in endometrium immediately adjacent to the implantation site (Fig 3) , and in close association with arteries invaded by cytotrophoblasts, whereas CD56+ lymphocytes were more evenly distributed throughout the decidua. Few CD3+ T cells were seen in the decidua. Note that as in the human (Proll et al., 1996) , rhesus endovascular trophoblasts also express CD56 (Fig. 3) .
To more accurately phenotype the perivascular CD68+ cells, we evaluated expression of a macrophage/dendritic cell marker, DC-SIGN, in early (1 week postimplantation) pregnancy (Breburda et al., 2006) . Whereas CD68 + cells were distributed throughout the endometrium, DC-SIGN + cells were noted only in the region directly adjacent to the implanting trophoblasts. In addition, DC-SIGN + cells had a distinct, highly dendritic morphology. Since DC-SIGN is often a dendritic cell (DC) marker, we evaluated other DC markers. The endometrium was consistently negative for mature dendritic cell markers (CD83, DEC-205, CD86, or CD1a (Breburda et al., 2006) , suggesting that DC-SIGN + cells in the decidua represent a distinct subset of pregnancy-specific macrophages. Evaluation of the nonpregnant uterus during the menstrual cycle demonstrated that DC-SIGN is not seen except in pregnancy, and may be a marker for recognition of the presence of the placenta at implantation by immune cells in the rhesus monkey uterus.
Decidual leukocytes in cynomolgus and vervet monkeys
The close similarity in the morphological organization of the maternal-fetal interface has been previously described in excellent detail in the rhesus and cynomolgus macaques by Allen Enders and colleagues (e.g., Enders, 1993) . We surveyed the immunohistochemical expression of accepted leukocyte markers (Proll et al., 1996) . tion may be supported by steroid effects on endometrial stromal cells (see Dosiou and Giudice (2005) for review).
Several potential roles of dNK cells in human pregnancy have been proposed. Since CD56 bright pNK and dNK cells are proposed to be primarily immunoregulatory rather than cytotoxic, their secretion of factors such as various colony-stimulating factors (CSFs), transforming growth factors (TGF-β), and other growth factors may promote trophoblast growth and differentiation. Expression of dNK immunosuppressive factors such as glycodelin and galectin-1 may promote an appropriate implantation environment. While there is little evidence for a role of pNK cells in recurrent pregnancy loss or other aspects of pregnancy failure, some authors have suggested that dNK cells may play a role in implantation defects or recurrent spontaneous abortion (Lachapelle et al., 1996) . However, careful analysis of cause vs. effect in the evaluation of dNK cells from specimens collected during pregnancy loss is difficult. Studies with the highly relevant primate experimental model in which the dNK population (or other endometrial cell populations) can be manipulated in a controlled setting would be a valuable advance in this field.
Characterization of the rhesus model: maternal components

Additional characterization of rhesus monkey decidual leukocytes
When we initiated our studies virtually nothing was known about rhesus decidual NK cells. We carried out a phenotypic and functional characterization of leukocytes isolated from the maternal decidua of the pregnant rhesus monkey. A majority (50-80% of CD45+/Lin+) of these cells were CD56 bright+ , CD3-, had typical large granular lymphocyte/uterine NK cell morphology and contained numerous cytoplasmic granules . Extensive flow cytometric evaluation of decidual leukocytes showed that rhesus CD56 bright+ cells shared other phenotypic features of human uterine NK cells, expressed low levels of CD16, but did not express monocyte/macrophage markers. In contrast, most rhesus CD16+ peripheral blood cells NK cells were CD56-. As described for human dNK cells, rhesus decidual lymphocytes had relatively lower lytic activity against K562 or Raji cells, and had similar activity to pNK against 721.221 targets in cytotoxicity assays . Together, these results suggest that as in the human uterus, rhesus decidual CD56 bright+ cells repre-
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in the decidua for NK cells, macrophages, and T cells and found that the distribution of these cells was remarkably similar to that seen for the rhesus as we have extensively described (Slukvin et al., 2004; Breburda et al., 2006) .
The vervet implantation site has not previously been characterized in any immunohistochemical manner, although its scant pattern of menstruation in nonpregnant cycles has recently been described (Carroll et al., 2007) . We have delineated the distribution of NK cells and macrophages in the decidua (Table 1) . Remarkably, our previous observation that the appearance of decidual DC-SIGN+ macrophage-like cells is generally limited to the zone underneath the implantation site was seen, as expected, in the cynomolgus macaque, but also in the more distantly related vervet monkey (Dambaeva et al., in preparation) . While the precise function of these cells remains uncertain, their conservation in Asian and African monkeys, as well as in the human implantation site, suggests a commonality of function, which nonetheless remains incompletely understood.
Phenotype analysis of rhesus decidual NK cells
A current area of interest and debate concerns the relative contributions of trafficking into decidua of pNK cells and the proliferation of endometrial NK cells from a resident stem population to give rise to the dNK cells. Flow cytometry analysis of rhesus decidual cells from d36 of pregnancy was performed with Ficoll gradient separated mononuclear cells. Three main leukocyte populations are present in the rhesus decidua: NK cells, macrophages and T cells (Fig. 4) . NK cells are the most prevalent population, and the majority (>80%) of dNK cells are CD56 bright cells (Fig. 4) . CD56 bright cells are large granular lymphocytes characterized by high light-scattering properties more similar to macrophages than classical small lymphocytes (Fig. 4) . There are also minor populations of CD56 dim and CD56 neg dNK cells, which are detected within the small lymphocyte gate, as are CD3+ T cells. Because pNK cells are predominantly CD56 neg , the question arises if these minor decidual cells are blood contaminants, but they are substantially different from pNK cells. First, the expression of CD56 is not detected on rhesus pNK cells. Moreover, the expression of CD16 was found on only a minor population (~ 20%) of CD56 dim dNK, while pNK cells are ~94% CD16+ . The expression of NCR p30 and p46 on CD56 dim dNK cells also was found to be lower in comparison with pNK cells (not shown). CD56 neg decidual NK cells are rare (about 2% of leukocytes), and are similar to pNK cells with a CD16+8+ phenotype. However, a non-typical low level of NCR p46 and p30 expression (not shown) again indicates that these cells are distinct from pNK cells and more likely true tissue residents. The heterogeneity of rhesus dNK cells presented here may likely reflect developmental stages of the dNK cell population.
Perforin IHC of decidual leukocytes has proven to be very reliable in our lab. The possibility exists that perforin+ cells represent both NK cells and cytotoxic T cells. To clarify this situation, we performed perforin/CD3 double-staining (Fig. 2) . Perforin+/CD3-NK cells (red arrow) and CD3+/perforin-T cells (blue arrow) are easily seen, whereas CD3+/perforin+ T cells were rare; while the number of CD3+ cells declines dramatically. Thus, less than 5% of the perforin+ cells in pregnancy represent T cells (note the possible NK cell: T cell synapse in Fig. 2 ).
Receptors for placental MHC class I recognition
Interaction of NK cells with placental MHC class I molecules may play a key role in fetal-maternal interactions. With respect to HLA-G, several putative Ig-domain superfamily receptors have been identified which include leukocyte immunoglobulin-like receptor B/immunoglobulin-like transcript/leukocyte inhibitory receptor (LILRB1/ILT2/LIR-1 (Navarro et al., 1999) , LILRB2/ILT4/ LIR-2 (Allan et al., 1999; Shiroishi et al., 2003; Gonen-Gross, et al., 2003) , and killer inhibitory preceptor (KIR)2DL4 (Cantoni et al., 1998; Ponte et al., 1999; Rajagopalan et al., 1999; Rajagopalan et al., 2006) . These molecules are expressed on NK cells and macrophages in the decidua. Although an early prevalent hypothesis held that the primary biological role for HLA-G was to prevent an anti-fetal response by the maternal immune system, actions other than simple inhibition of lysis through KIR ligation (King et. al., 2000; Rajagopalan et al., 2001; Hanna et al., 2006) are likely for HLA-G or other MHC class I molecules in the placenta. For example, engagement of NK cells in the decidua by trophoblasts could simultaneously modify cytokine expression (HLA-G) and inhibit cytolytic activation (HLA-E) (Hanna et al., 2006) . Decidual NK cells may also be significant sources of pro-angiogenic factors such as vascular endothelial growth/permeability factor (VEGF) (Li et al., 2001) . The observation that cytokines such as interferon-γ secreted from NK cells or macrophages promote decidual differentiation, vascular development and implantation in mouse models (Ashkar et al., 2000) indicates a more complex role of decidual leukocytes and suggests that actions of trophoblast MHC molecules independent of lysis inhibition may be equally if not more important at the maternal-fetal interface. A summary of potential interactions between rhesus placental MHC Class I molecules is shown in Fig. 5 .
We have shown that homologs of these receptors for HLA-G are expressed in rhesus decidual leukocytes (Kravitz, et al., 2001; Grendell et al., 2001) . In addition, the rhesus also expresses orthologs of CD94 and NKG2A, B, C, D, and E, some of which form heteodimeric receptors for HLA-E (Kravitz et al., 2001; Labonte et al., 2000) . Additional crucial reagents are required in order to move the field of experimental reproductive immunology forward with nonhuman primate models. Sorely needed are monospecific antibodies against the receptors for nonhuman primate MHC class I molecules. Several NK cell receptors are recognized by anti-human reagents (Table 2) . Somewhat surprisingly, a variety of anti-human KIR or LILR antibodies against human CD85d, j, k (LILRB1/ILT-2/LIR1, LILRB2/ ILT4/LILR, and LILRB4/ILT-3/LIR5, respectively) or CD158a, b, e, i (KIR2DLI, KIR2DL3, KIR3DL1, KIR2DS4, respectively) have thus far failed to recognized nonhuman primate molecules (Dambaeva, unpublished) . A comprehensive list of reactivity and nonreactivity of antibodies against multiple nonhuman primate species is available at http://nhpreagents.bidmc.harvard.edu/NHP/ ReagentList.aspx. Concerted efforts to derive such important antibodies, and to apply them in vitro to define specific receptor-MHC class I ligand-receptor interactions are critically important. With success in derivation of such antibodies, further studies to determine their importance in pregnancy will logically follow with in vivo paradigms.
In vivo experiments with the rhesus monkey
Passive immunization in nonhuman primates
There is a significant literature on passive immunization regimens with nonhuman primates, particularly with rhesus and cynomolgus monkeys. Passive immunization to neutralize circulating hormones or other soluble factors has achieved some significant success; e.g., in investigating hormonal feedback mechanisms in the control of follicle-stimulating hormone (FSH) secretion (Medhamurthy et al., 1990; Medhamurthy et al., 1991) , the role of estrogen in pituitary function during the menstrual cycle (Zeleznik et al., 1987) , and the neutralization of gonadotropin releasing hormone (GnRH) as a viable contraceptive approach (Hodges et al., 1977) . Immunodepletion paradigms targeting cellsurface antigens have also been successful. Passive immunization studies with macaques in a renal allograft setting, against endothelial and lymphocyte intercellular adhesion molecule (ICAM)-1 (Cosimi et al., 1990) or against MHC class II molecules in experimental allergic encephalomyelitis showed no apparent deleterious effects of murine monoclonal antibody (mAb) treatment (Jonker et al., 1988) .
Effect of anti-Mamu-AG passive immunization on rhesus monkey placental development
We conducted studies to gain insight into in vivo function of anti-Mamu-AG through passive immunization in early pregnancy. Rhesus monkeys were bred"and the day of the ovulatory luteinizing hormone (LH) surge was determined by radioimmunoassay (RIA). Beginning 10 days after the LH peak, daily blood samples were drawn and assayed for monkey chorionic gonadotropin (mCG) secretion to confirm pregnancy (Hodgen et al., 1974) . We prepared 3 treatment groups: 4 rhesus monkeys from normal pregnancy (untreated control), 4 monkeys treated in vivo with 4 mg/day non-specific (NS) purified F(ab)' 2 fragments given iv in sterile saline (NS treated), and 4 monkeys treated in vivo with 4 mg anti-Mamu-AG F(ab)' 2 (25D3-treated). Animals were given antibody in a bolus injection administered slowly over 1-2 minutes between 8 AM and 9 AM each day from day 18 through day 24 of gestation, and intact uteroplacental units were obtained from animals following perfusion on day 24 with 2% paraformaldehyde/ PBS (Bondarenko et al., 2007) . A general schematic diagram of the experiment is shown in Fig. 6 . Immunostaining of placental tissues with biotinylated horse anti-mouse IgG was'identical to Mamu-AG distribution, confirming adequate 25D3 mAb penetration and binding to endogenous Mamu-AG. Uteroplacental tissues were stained for cytokeratin, smooth muscle actin, KDR, FLT1, Von Willebrand factor (VWF), Ki67, CD3, CD56, CD68, DC-SIGN, or VEGF expression, and morphological data were collected on villous development, decidual histology, and decidual leukocyte number and distribution. Table 3 presents a general summary of the results for analysis of the placental and decidual parameters. Treatment with mAb 25D3 caused dramatic changes in placental villi as well as in the 
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villous vasculature. These data suggest that the overall development of the placental villi in animals passively immunized against Mamu-AG is retarded in comparison to untreated or NS mAbtreated controls, and that the critical vascularization of the placenta was also delayed in animals passively immunized against Mamu-AG. Other IHC suggested that VEGF and KDR expression but not FLT1 or epidermal growth factor receptor (EGFR) were reduced or more irregular in the STB, villous CTB, and endothelial cells of 25D3-treated placentas. Thus, a delay in vascularization may be associated with reduced VEGF signaling.
Trophoblast invasion and vessel modification
We examined trophoblast invasion which occurs very quickly after implantation in the rhesus monkey (Slukvin et al., 2000 , Enders, 1993 . Maternal spiral arterioles directly beneath the implantation site were completely occluded by cytokeratin-positive extravillous trophoblasts (EVT) in all groups of animals, suggesting that cytotrophoblastic migration to maternal vessels was not impaired by mAb treatment. In addition, the arterial VWFpositive endothelial layer in the vessels is dramatically reduced or absent in all treatment groups, thus, endothelial removal was not altered by Mamu-AG immunization. EVT invasion into the smooth muscle actin (SMA)-positive tunica media appears through gaps in the smooth muscle layer in control placentas and results in smooth muscle loss. By contrast, the SMA-positive vascular smooth muscle layer of spiral arterioles in 25D3-treated placentas remained intact. Overall decidual vascularization, as defined by IHC for CD31 or indoleamine 2,3 dioxygenase, which is an excellent marker for decidual endothelium (Bondarenko et al., 2007) , was reduced in 25D3-treated monkeys. Thus, decidual vascular remodeling and growth are disrupted by anti-Mamu-AG.
Effect of passive immunization against Mamu-AG on decidual tissues
Overall changes in the uterus with 25D3 treatment included inconsistent decidualization of endometrial stromal cells, epithelial plaque resolution, and delayed endometrial gland dilation (Table 3) . Because of the importance of MHC-leukocyte interactions, we evaluated the distribution of decidual leukocytes in all animals. CD68-positive macrophages and CD56-positive NK cells abundantly infiltrated the decidua in all groups of animals, however DC-SIGN-positive cell density in the decidua was significantly lower in anti-Mamu-AG passive immunized monkeys (Table 3 ; Bondarenko et al., 2007) . Since this is one of the earliest responses to embryo attachment and placenta formation noted among decidual immune cells, the data suggest a role for placental Mamu-AG in the DC-SIGN response. In untreated control and NS treated groups there were a few isolated CD3-positive cells, whereas in 25D3-treated animals, CD3+ cells formed a dense infiltrate around some of the non-invaded vessels (Bondarenko et al., 2007) . This is uncharacteristic of normal pregnancy, and links altered placental development with aberrant decidual leukocyte disposition. Since IHC for indoleamine 2,3 dioxygenase (IDO) (Bondarenko et al., 2007) illustrated that the overall amount of IDO in the placental bed would be reduced due to the reduced vascular compartment, this may compromise capacity to regulate T cell proliferation (Mellor et al., 2002) , which could be related to the changes in T cell distribution. 
SUMMARY OF PLACENTAL AND DECIDUAL OUTCOMES IN RHESUS MONKEYS TREATED WITH ANTI-MAMU-AG PASSIVE IMMUNIZATION ON DAYS 18-24 OF GESTATION
All parameters were assessed in H&E stained sections or by specific IHC as indicated. Villous parameters were quantified within defined categories of chorionic villi (stem, floating, and branching types I and II), by using an ImageJ program for measuring photomicrograph image features. The statistical significance of group differences was assessed using ANOVA and Tukey's honestly significant difference test. See Bondarenko et al.,2007) for further details of all categories.
Significance of these outcomes
These results are very exciting in that they constitute in vivo evidence for a role of placental MHC Class I on decidual development and responses to the placenta in primate pregnancy. There is in vitro evidence for HLA-G interactions with NK cells, T cells and monocyte-derived cells. The failure to up-regulate DC-SIGN expression and the increase in T cell aggregates in 25D3-treated monkeys may be consistent with an interruption by passive immunization of Mamu-AG signaling directly with these target cells. Alternatively, it may be that Mamu-AG directly interacts with NK cells in the decidua, and immunoneutralization of Mamu-AG results in a change in NK cell phenotype (e.g., cytokine and growth factor secretion) that alters T cell migration or survival, as well as macrophage DC-SIGN expression. Changes in these leukocytes may then impact directly on placental growth (e.g., through growth factor secretion), or secondarily through effects on decidual stroma or decidual vessels. The next challenge will be to design further studies to differentiate between these alternative interpretations.
Further studies with passive immunization approaches
Now that we have demonstrated that there are significant acute effects of anti-Mamu-AG passive immunization on a broad spectrum of parameters of placental and decidual development, the question arises whether these acute effects have a long-term impact on pregnancy outcome. Compromised vasculogenesis within the placenta and the decidua would be expected to have both maternal and fetal impact. Human pregnancy characterized by these changes would have an increased risk for preeclampsia, fetal growth restriction, and pregnancy loss, including spontaneous abortion and miscarriage (Mayhew et al., 2004a; Mayhew et al., 2004b; Kwak-Kim et al., 2004; Wilczynski, et al., 2006) . Longterm effects for pregnancies proceeding to term may include renal and cardiovascular deficits in the offspring (Woods et al., 2004; Eriksson et al., 2001 ). We hope in future studies to passively immunize pregnant rhesus monkeys during weeks 2 and 3 of gestation and examine the effects on pregnancy maintenance and fetal outcome. We anticipate that an early insult will enhance the opportunity for establishing a primate model of placental insufficiency. It will be important to carefully monitor intrauterine fetal outcomes during gestation in such treated animals. We provide below representative ultrasound images of fetal rhesus monkeys documenting that it will be possible to obtain quantitative information on parameters of fetal development and wellbeing, including placental diameter and thickness for volume estimation, umbilical blood flow, femur length (Fig. 7) , as well as biparietal diameter, and fetal heart and kidney measurements (not shown). Longitudinal measurement of these parameters will be a valuable step forward for refinement of the primate model.
NK cell immunodepletion studies
There have been successful applications of monoclonal antibodies to rhesus monkeys to immunodeplete both circulating as well as tissue (lymph node) CD8+ T lymphocytes and pNK cells (Schmitz et al., 1999) , as well as CD16 immunodepletion of pNK cells (Choi et al., 2008) . Anti-CD16 treatment should also target most decidual CD56 bright NK cells. The minor CD56 dim dNK cell subpopulation could remain unaffected, but because the ratio of CD56 bright /CD56 dim is about 5/1, the vast majority of dNK cells will be depleted by anti-CD16 treatment. Anti-CD16 treatment will not cause decidual T cell depletion, and thus CD16+ NK cell depletion effects can be contrasted with CD8+ NK cell depletion, which will also deplete the few CD8+ T cells in the decidua.The success of these studies is particularly relevant to our model, since the enormous number of T cells both in the peripheral circulation (80% of PBLs) as well as the lymphoid organs suggest that depletion of decidual and peripheral NK cells (~10% of all PBLs) is a feasible goal, at least based on target quantity. The immunodepletion of peripheral blood NK cells could provide an incredible tool to disrupt trafficking to the endometrium and decidua, and probe the importance of uterine NK cells in primate pregnancy.
Promising opportunities for research in reproductive immunology
We are excited to have progressed from our initial demonstration of the molecular and biochemical homology of Mamu-AG with HLA-G, to the in vivo demonstration of a biological role for Mamu-AG and potentially for NK cells as well. These results confirm and extend in vitro studies from the HLA-G field, and the opportunity afforded by passive immunization/immunodepletion paradigms in vivo in the rhesus will allow us to further specifically probe placental MHC function and Mamu-AG interactions with selected decidual leukocytes, and the impact of these interactions on implantation success, fetal development, and pregnancy outcome. The central advantage of the rhesus monkey is the available of large numbers of animals, the largest background informa- 
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tion of currently used primate species, and the availability of wellcharacterized reagents for study in this species. These include species-specific microarrays (Affymetrix), species-validated antibodies (e.g., http://nhpreagents.bidmc.harvard.edu/NHP), multiplex cytokine assay platforms (Giavedoni, 2005) , recombinant molecules, and reagent resources. Thus, we will close by briefly describing novel new approaches with the nonhuman primate model.
Adoptive lymphocyte transfer
Specific populations of cynomolgus macaques have been identified that are MHC identical. Adoptive transfer of leukocytes between individuals has been shown to be feasible, at least for T lymphocytes (Greene et al., 2008) . Adoptively transferred cells are identifiable by fluorescent staining administered ex vivo, or by molecular tools such as microsatellite markers. This approach may allow the design of paradigms for studying trafficking of peripheral cells, including NK cells and monocytes, to the endometrium during pregnancy.
Rhesus monkeys and the mechanisms of preterm labor
Recent exciting studies have made use of the nonhuman primate in studies of the mechanisms underlying premature labor, and premature rupture of the membranes. In an experimental model of reproductive tract bacterial infection, it has been shown that intraamniotic bacterial inoculation resulted in reliable premature membrane rupture, accompanied by elevations in proinflammatory cytokines, as well as prostaglandins, and matrix metalloproteinases. In recent exciting studies using this model, IL-1β and TNF-α but not IL-6 or IL-8 infusion into the amniotic fluid induces the onset of preterm labor in pregnant rhesus monkeys (Sadowsky et. al, 2006) . This effect mimics that seen with infusion of group B Streptococcus. A similar model was used to show that treatment with a toll-like receptor 4 (TLR-4) antagonist inhibited LPS-induced uterine activity and was associated with significantly lower amniotic fluid IL-8, TNF-α, and prostaglandins (Waldorf et al., 2008) . Similar paradigms may be important further steps for understanding the interplay of immune modulators in early pregnancy establishment. suggesting not only a potential clinically useful therapeutic approach, but also potentially powerful tools for further explorations of the cytokines and chemokines expressed at the maternal-fetal interface, as well as their functions in early gestation.
Nonreproductive biology of HLA-G
There are many hypotheses as to the potential roles of HLA-G outside the setting of pregnancy. However, the safety and efficacy of HLA-G as a therapeutic tool/reagent is unknown, especially given its association with pathophysiological settings in some cases (Carosella et al., 2008) . The production and testing of recombinant Mamu-AG or Mamu-E reagents will allow direct examination of the in vivo effectiveness of these reagents on leukocyte function, decidual maturation, pregnancy success, and additionally on potential "off-target" tissues where HLA-G/Mamu-AG may not be expected to be expressed in normal physiology, but where therapeutic treatment may expose lymphoid targets to unphysiological nonclassical MHC molecules.
Closing Comments
The many questions which remain unanswered regarding the immunological mechanisms which contribute to human pregnancy success make it imperative that a variety of models be employed for addressing the questions to which each is peculiarly suited. The rhesus monkey and other nonhuman primates benefit from close homology with the human maternal-fetal interface, and one advantage of the rhesus monkey is that it is widely used in infectious disease research, making available a broad palette of investigative tools. Interfacing reproductive biology with a diversity of approaches from other fields will be one key to making progress in this important and stimulating area of research.
